■ INTRODUCTION
Lipid bilayers form the basic structure of biological cell membranes, providing a highly selective barrier between the aqueous intracellular and extracellular fluids and an environment suitable for functional molecules, such as hormone receptors and proteins that control transport in and out of the cell. 1 The lipid matrix is largely composed of phospholipids, the most abundant of which in mammalian cell membranes is the class phosphatidylcholines (PC). Consequently, many studies of models of biological membranes are based on PC bilayers. Phospholipids are amphiphilic; based on a glycerol backbone, they comprise a polar headgroup and two hydrocarbon chains, as depicted in Figure 1 . This general structure leads to the spontaneous assembly into a range of structures in the presence of water. The structure adopted depends on the shape of the molecule, which depends, in turn, on the size and charge of the headgroups and the lengths and degree of saturation of the hydrocarbon chains. 2 In a cell membrane, a bilayer is required where the polar headgroups face the aqueous environments inside and outside of the cell and the nonpolar, hydrophobic chains face the interior of the bilayer, thus avoiding contact with water. The molecular structure is therefore of crucial importance in determining the structure and properties of the cell membrane.
Solid-supported lipids are attractive models for biological cell membranes because they permit the study of membrane proteins in a nondenaturing environment. 3−6 The models can be used to study the function of proteins or to incorporate functional species, such as hormone or antibody receptors, which can be used as a basis for sensing devices. 3,6−8 The use of a solid support enables the study of lipid layers with a wide range of structural probes, such as infrared spectroscopy, 9−16 sum frequency generation (SFG), 17−20 scanning tunneling microscopy (STM), 21, 22 atomic force microscopy (AFM), 23−27 and reflectivity. 26,28−31 Phospholipid bilayers can be deposited on solid substrates by the fusion of small, unilamellar vesicles (SUVs) 9−11,23,29−33 or by Langmuir−Blodgett techniques. 12, 13, 15, 34, 35 The former method can sometimes facilitate more easily the inclusion of membrane peptides, but the latter allows more control over film structure and packing and tends to result in better organized films. In the present study, Langmuir−Blodgett (LB) deposition was employed for deposition of the first monolayer onto a Au(111) surface, followed by Langmuir−Schaefer (LS) deposition for the second monolayer.
A further degree of complexity to consider in the study of biomimetic lipid films is the fact that lipids and membrane proteins are frequently exposed to static electric fields, which can arise from ion gradients and/or membrane asymmetry. The magnitude of the field can vary up to an order of 10 7 
−10
8 V m −1 9−13,29,30,36 and can cause structural rearrangements within the membranes as a result of the interactions of monopoles and dipoles with the field. When an electric field exceeds this magnitude, the membrane can break down. Consequently, it would be advantageous to study lipid layers (and any incorporated membrane functional species) in this type of environment, both to mimic the natural environment and to improve understanding of electroporation, a process that is of fundamental interest and that can be exploited in gene therapy and drug delivery. 37, 38 Studies of macroscopic properties, such as membrane capacitance 39−41 and conductivity, 40, 42 can provide useful information on stability and membrane integrity in the presence of applied electric fields. Structural information can be inferred from such measurements but direct, molecular level information cannot be acquired. 13 Similarly, much work has been carried out on Hg-supported lipid monolayers, 6,43−59 in which a continuously tunable electric field across the lipid monolayer can be generated by holding the Hg substrate at an electrical potential relative to an external reference electrode. Measurements such as differential capacitance, ac impedance, and coulometry can provide information on monolayer permeability (in the presence and absence of ion channel-forming peptides) and have been used to calculate surface dipoles of lipid monolayers. Capacitance and, more generally, impedance measurements can also shed light on phase transitions between different states of the film as the applied field is varied. An ideal scenario would be the simultaneous acquisition of molecular level structural information as the applied electrode potential is varied. Hg is a useful substrate in that, as a liquid, it has a smooth surface, which induces very few defects into the supported lipid layer. 60 However, it is difficult to carry out structural (e.g., spectroscopic or imaging) investigations on Hg, although some reports utilizing light fluorescent imaging 61 and X-ray reflectometry 62 have been reported. Au(111) is an alternative substrate for in situ structural investigations of lipid layers. It has a low corrugation potential for a solid substrate, is thermodynamically stable, is relatively unreactive, and has a wide potential window within which adsorption phenomena and phase transitions can be easily studied. 60 It is slightly less hydrophobic than Hg, allowing facile formation of a bilayer where headgroups face the metal and the solution phases. Added to this, it is a convenient substrate for structural studies, such as infrared spectroscopy, atomic force microscopy, reflectivity measurements, etc. 60 Detailed in situ structural studies of phospholipid layers supported on Au(111) electrodes have been recently reviewed by Lipkowski. 60 These studies have revealed a wealth of information concerning the effect of static electric field on the structure and packing of the lipid molecules within the bilayer. Dimyristoyl phosphatidylcholine (DMPC)-based bilayers were found to be directly adsorbed on the Au(111) surface at low charge densities (±10 μC cm −2 ), and at greater charge densities (hence stronger electric fields), the bilayers were found to be separated from the surface by a ∼10 Å water cushion. 29, 30 The transition between these states seems to involve the ingress of solvent through the bilayer, which can also be observed by studying the ester CO stretches in IR spectra. [9] [10] [11] 13 The DMPC molecules' hydrocarbon chains were found to be more tilted at low charge densities (when directly adsorbed) than at higher charge densities (when supported on water), 9−13 in keeping with the film thicknesses determined from neutron reflectivity 29, 30 and AFM 27 measurements. The inclusion of cholesterol modifies the fluidity and, consequently, electrical properties of the DMPC films. 60 The incorporation of a peptide has also been studied; 22 however, few studies have been made of non-PC-based lipid bilayers under potential control. Given the wide variety of lipids found in nature, it is necessary also to study structures formed by other lipids and to investigate their response to static electric fields, especially since particular lipids have been implicated in both binding of molecules to cell membranes and in protein function. 1 In this way, we aim to gain an understanding of why there is such a variety of lipid types in natural cell membranes.
The purpose of the present study was to investigate the influence of molecular structure on ensemble structure and properties, with a view to deepening our understanding of the role played by different types of phospholipid in cell membranes. The focus of the study was the effect of the headgroup size on packing of molecules within a lipid bilayer and, in turn, how the properties of the bilayer were affected. The molecule selected for the study was dimyristoyl phosphatidylethanolamine (DMPE), which has the same acyl chains as DMPC. Phosphatidylethanolamines (PE) are commonly found on the inner leaflet of mammalian cell membranes, whereas phosphatidylcholines (PC) are the dominant component of the outer leaflet. 1, 63 The two structures are illustrated in Figure 2 .
DMPE and DMPC possess one difference: the nitrogen atom of the PE headgroup is bound to three hydrogen atoms, whereas the nitrogen atom of the PC headgroup is bound to three methyl groups. This has two consequences: the PE molecule headgroup is considerably smaller than that of PC (38  Å  2 compared with 50 Å   2   ) , 63 leading to a roughly cylindrical shape for DMPE, and the PE molecules can interact directly with one another via hydrogen bonding. 64 PC molecules can interact indirectly via hydrogen bonding with water molecules. We show that these factors lead to a highly organized, closely packed, and slightly thicker film, which contains less solvent and has enhanced barrier properties when compared with DMPC. While infrared spectra of PE and PC dispersions in solution have previously been compared, this is the first example, to our knowledge, where infrared spectroscopy has been used to show how structure determines lipid bilayer properties and response to electric fields. 99 .99%, VWR) was used to make 0.1 M aqueous solutions. All water used for cleaning and for measurements was purified with a tandem Elix−Milli-Q Gradient A10 system (resistivity > 18 MΩ cm, TOC < 5 ppb, Millipore). All glassware was cleaned by heating in a 1:1 mixture of concentrated sulfuric and nitric acids for at least 1 h, followed by rinsing with copious quantities of ultrapure water and soaking in ultrapure water before use. Nonglass parts were cleaned with a 1:1 mixture of hydrogen peroxide and ammonia for several hours, rinsed thoroughly with ultrapure water, and soaked in ultrapure water to remove residual cleaning solution. The components of the infrared spectroelectrochemical cell were dried in an oven before use.
Electrochemical Measurements. A standard three-electrode cell was employed for differential capacitance and chronocoulometry experiments. The reference electrode was a saturated calomel electrode (SCE), contained in saturated potassium chloride solution and connected to the cell via a salt bridge. (However, since the reference electrode used in the spectroelectrochemical cell was a Ag| AgCl|3 M KCl electrode, all potentials quoted in this paper will be with respect to the Ag|AgCl electrode.) The counter electrode was a gold coil (99.999%, Alfa Aesar) and was prepared by flame annealing in a Bunsen flame and quenching with ultrapure water. The working electrode was a Au(111) single crystal (99.999% purity, orientation <0.5°, Mateck), prepared by flame annealing and rinsing with ultrapure water as described in ref 65 . The electrode was transferred to the electrochemical cell with a drop of ultrapure water to reduce contamination. Once the electrochemical response of the clean surface had been checked, a bilayer of lipids was deposited and the electrode was returned to the cell.
Electrochemical measurements were carried out with a HEKA PGSTAT590 instrument and data were acquired with a PC equipped with a data acquisition board (M-series, National Instruments) and BNC block. Data acquisition software was kindly provided by Dr. Alexei Pinheiro (Universidade Tecnologica Federal do Parana, Londrina, Brazil). The software also controlled the potential applied by the potentiostat for chronocoulometry measurements. A waveform similar to that reported by Lipkowski et al. was employed for these measurements. 13 The potential was held at a base potential of −0.06 V (determined from differential capacitance measurements as a region of stability for the bilayer) for 60 s and then stepped to the potential of interest and held for 3 min to allow equilibrium to be reached. It was then stepped briefly to a potential sufficiently negative to desorb the molecules (determined from differential capacitance curves as −1.01 V) for 0.15 s, during which time a current transient was recorded, and returned to the base potential. This was repeated for a series of potentials with a step size of 50 mV and moving in the cathodic direction from 0.36 V vs SCE. For differential capacitance measurements, a dual-channel DSP 7265 lock-in amplifier (Ametek) was used to apply a 5 mV amplitude, 20 Hz frequency ac signal on top of a 5 mV s −1 potential sweep and to resolve the in-phase and quadrature components of the ac current response.
Langmuir Trough Measurements. A Teflon trough manufactured by Nima and equipped with a Delrin barrier and a dipper was used for Langmuir deposition of Y-type bilayers on Au surfaces. Thirty milliliters of a 1 mg mL −1 solution of DMPE (or DMPE-d) was deposited onto a clean water/air interface and allowed to equilibrate. Isotherms were recorded with a barrier speed of 25 cm 2 s −1 . For Langmuir deposition, the clean Au substrate (preparation described above) was placed below the surface of the water before the lipid monolayer was deposited onto the water surface. Figure 3 shows the pressure−area isotherm recorded for a DMPE monolayer at the air| water interface. The shape of the isotherm is in agreement with literature reports. 66 The isotherm shows liquid expanded (L e ), liquid condensed (L c ), and solid (S) phases, with the phase transition between the L e and L c phases at a pressure of ca. 5 mN m −1 ; this portion of the isotherm can be extrapolated back to give a limiting molecular area of ∼38 Å 2 . The monolayer was compressed to a target pressure of 50 mN m −1 (which corresponds approximately to the limiting molecular area) and allowed to stabilize, after which the substrate was raised through the interface at a rate of 2 mm min −1 and dried in argon for 30 min. A Langmuir−Schaeffer deposition was then performed, also at 50 mN m −1 and a dipper speed of 2 mm min −1 , to afford a bilayer on the Au surface with the tail groups of the two leaflets of the bilayer pointing inward toward each other and the headgroups facing outward (a Ytype bilayer).
Infrared Measurements. PM-IRRAS measurements were carried out with a Bruker Vertex80v spectrometer with an external modified PMA50 module comprising a photoelastic modulator (PEM-100, Hinds Instruments) with a ZnSe 50 kHz optical head and synchronous sampling demodulator (GWC Technologies). Data were collected at a resolution of 2 cm −1 with a liquid N 2 -cooled MCT-A detector. A custom-built cell was used for the measurements: the window was a BaF 2 equilateral prism (Crystran); the working electrode, on which the bilayer was deposited, was a Au(111) crystal (99.999% purity, orientation <0.5°, Mateck); the counter electrode was a concentrically wound gold wire (99.999%, Alfa Aesar); and the reference electrode was a Ag|AgCl|3 M KCl reference electrode (BASi). Three spectral regions were investigated: the C−H stretching region, the CO stretching region, and the phosphate stretching region. The electrolyte used in the cell was 0.1 M NaF (Suprapur grade, Merck) in either ultrapure water (for the phosphate stretching region) or in deuterium oxide (for the C−H and CO stretching regions). (Use of NaF as supporting electrolyte suppresses dissolution of the BaF 2 window.) The measurements were carried out with the PEM set for half-wave retardation at 2900 cm −1 for the C−H stretching region, at 1600 cm
for the CO stretching region, and at 1100 cm −1 for the phosphate stretching region. The angles of incidence were selected to optimize signal using the values calculated by Zamlynny. 67 For the C−H stretching region, the angle of incidence was 51.4°and the thickness of electrolyte between the window and the Au electrode was 1.9 μm. For the CO stretching region, the angle of incidence was 61°and the thickness of electrolyte between the window and the Au electrode was 3.6 μm. For the phosphate stretching region, the angle of incidence was 57°and the thickness of electrolyte between the window and the Au electrode was 2.1 μm. The thicknesses were calculated by comparing reflectivity spectra with the theoretical reflectivity spectra simulated for the cell configuration. 68 This procedure was carried out with "Fresnel 1" software kindly provided by Prof. V. Zamlynny (Acadia University, Nova Scotia, Canada). 69 The demodulation technique developed by Corn et al. 70, 71 was employed, following which a modification of the method described by Buffeteau et al. 72 was used to correct the intensity average and difference signals for the response of the PEM. These modifications have been described in detail by Lipkowski et al., along with the method employed for spline interpolation to background-correct the resulting spectra. 73 The background-corrected spectrum plots ΔS, which is related to the absorbance of the adsorbed molecules according to
where Γ is the surface concentration of the adsorbed species, ε is the molar absorption coefficient of the adsorbed species, and A is its absorbance. 73 Separate transmission IR experiments were carried out in a specially designed liquid cell comprising BaF 2 windows separated by a 10 μm Teflon spacer. DMPE is not soluble in water or in chloroform alone; therefore, deuterated methanol (CD 3 OD) had to be added to the chloroform solvent (10% v/v) and a little sodium hydroxide to the aqueous solvent to create a dispersion of randomly organized molecules. The transmission spectra were used to calculate isotropic optical constants of DMPE in chloroform and H 2 O or D 2 O, using software provided by Zamlynny. 69 These optical constants were used to simulate PM-IRRA spectra of randomly oriented molecules for the cell configurations used in each of the PM-IRRAS measurements, which were subsequently used for calculation of tilt angles of transition dipole moments with respect to the surface normal. Simulations were performed for DMPE films of thickness ranging from 5.5 nm (thickness of DMPC films 13 ) to 6.0 nm (the expected limit for upright chains). Hydrocarbon chain tilt angles proved consistent with a 5.7 nm film and the simulated spectra reported in this work correspond to that thickness of DMPE bilayer.
■ RESULTS AND DISCUSSION
Electrochemical Results. Figure 4 shows the differential capacity recorded for a Au(111) electrode coated with a bilayer of DMPE molecules. The curve merges with that of the clean Au(111) substrate at potentials negative of −0.91 V, indicating that the molecules are desorbed from the surface at these potentials. On the positive sweep, a peak in capacity is observed at −0.74 V, followed by a drop in capacity. A low capacity (ca. 2.5 μF cm ) is maintained until the positive limit of the potential sweep. The negative direction exhibits slightly lower capacities: a minimum of 2.2 μF cm −2 is attained on this sweep. Sweeping negative, a sharp increase in capacity is seen at −0.4 V. The observed hysteresis of this phase transition may arise from slow kinetics. The minimum capacity observed (2−3 μF cm −2 ) is lower than that reported for DMPC films formed from vesicles (∼8 μF cm −2 ) 11 but higher than that expected for a bilayer on Hg. The differential capacity of a monolayer of phospholipid on Hg electrodes is ∼1.6 μF cm −2 , 6 which means that of a bilayer can be expected to be ∼0.8 μF cm −2 . If the bilayer-coated electrode can be modeled as a simple Helmholtz capacitor, a lower capacity could be explained as a larger distance between the metal surface and the outer Helmholtz plane (distance between the capacitor "plates"), which would imply that the DMPE bilayer is thicker than a DMPC bilayer. Alternatively, the lower capacity observed for DMPE could be explained by a lower average permittivity of the DMPE bilayer, which would indicate that these films contain less water than similar DMPC films and more water than films on Hg electrodes. Hg has a perfectly smooth surface, whereas even a (111) surface of Au would be expected to have some defects, which could result in some defects in the lipid film. The infrared experiments described below were carried out to shed some light on whether the DMPE films were thicker or contained less solvent than DMPC films or both.
An estimate for the coverage, θ, of the Au(111) by the film can be calculated from
where C 0 , C 1 , and C are the capacities of the electrode surface covered with no film and the film without and with the defects, respectively. 74 At E ∼ 200 mV, the capacity C 0 is equal to 35 μF cm −2 . The estimated coverage by DMPE of the surface film is thus approximately equal to 95% (compared with ca. 83% for DMPC films at lowest capacity). A significant difference between the differential capacity of DMPE-coated Au(111) and DMPC-coated Au(111) is in the positive potential region: a rise in capacity has been reported for DMPC as the metal becomes more positively charged, 9, 11, 13 which may be related to the onset of desorption positive of the potential of zero charge (pzc). The capacity curves for DMPE films in Figure 4 do not display this rise. The difference may result from differing methods of film preparation (the DMPC data were recorded for films produced by vesicle fusion) but mixed DMPE:DMPS (9:1) films formed on Au(111) by vesicle fusion also do not exhibit a rise in capacity. 31 Possibly DMPE films are more stable, at least kinetically, than DMPC films at these potentials.
The surface charge density obtained from chronocoulometric measurements, σ M , are shown as a function of applied potential in Figure 5 for a bilayer-coated Au(111) surface and for a bare Au(111) surface. The curve for the DMPE-coated surface displays similar features to that reported for DMPC bilayers, with a step at −0.95 V indicating adsorption and another at −0.55 V indicating a phase transition to another adsorbed state. These two states for DMPC films were previously reported to consist of a bilayer supported on a water cushion (at negative charge densities) and a bilayer directly adsorbed on the Au surface (at the less negative charge densities). 29 ,30 DMPE appears to exhibit similar behavior to DMPC, although the slope of the curve in the less negative potential range is shallower, which mirrors the differential capacity data: a smaller σ M −E slope indicates lower interfacial capacity.
The surface pressure, π, is a quantitative indication of the degree of adsorption. It can be evaluated from where γ 0 and γ are the specific surface energies and σ M 0 and σ M are the charge densities in the absence and presence of the bilayer, respectively. 75 The surface pressure for DMPE is plotted in the inset to Figure 5 . A classic bell-shaped curve is obtained, displaying a maximum at the pzc. This indicates that there is a maximum in adsorption at the pzc, which is typical for the adsorption of electrically neutral molecules. The charge density range corresponding to the "adsorbed" state is ±10 μC cm . This is similar to the range reported by Lipkowski et al. for DMPC bilayers, 13 suggesting that the range of electric field strength within which the bilayers are stable is similar.
The point at which the charge density curve for the lipidcoated surface crosses the abscissa is different from that of the base electrolyte curve; i.e., the pzc is shifted in the presence of the bilayer. This shift is (within error; the step sizes are 50 mV) identical for DMPE-and DMPC-coated electrodes. The shift can be understood as relating to an asymmetry in the charge distribution across the bilayer, where a difference in dipole orientation between the two films gives rise to a small overall dipole moment normal to the surface. 13 The shift in the pzc is given by 13, 75 
where E N is the shift in the pzc, Γ is the Gibbs excess, μ org is the normal component of the dipole of the phospholipids, μ w is the normal component of the dipole of the water molecules displaced by the phospholipid molecules, n is the number of water molecules displaced by a phospholipid molecule, and ε is the permittivity. 13 μ w is expected to be small and negative at the pzc because the water molecules should be oriented with the oxygen atoms toward the surface. 13 The results in Figure 5 suggest that the orientation of the headgroups in the DMPE film are likely to be similar to that in DMPC films.
PM-IRRAS Measurements. Hydrocarbon Chain Vibrational Modes. Figure 6 presents selected PM-IRRA spectra of the C−H stretching region for DMPE bilayers on Au(111). The dotted line at the top of the figure is the spectrum calculated for a monolayer of randomly oriented molecules at the surface with D 2 O as the solvent. This region contains six peaks. The methyl symmetric and antisymmetric stretching vibrations are at ∼2870 and 2960 cm −1 , respectively, and the methylene symmetric and antisymmetric modes occur at ∼2851 and 2918 cm 79, 80, 85 The spectra were analyzed further by fitting to six peaks of mixed Gaussian−Lorentzian character. An example of this fitting is shown in Figure 6b .
The spectra are generally similar to those reported for DMPC bilayers on Au(111) electrodes, but there are some differences. The relative intensities of the methylene modes (compared with the methyl vibrations and Fermi resonances) are smaller than for DMPC, which suggests a less tilted orientation of the hydrocarbon chains. The positions of the methylene stretching modes are at lower wavenumber than observed for DMPC bilayers under similar conditions. 9−13 The peak position provides an indication of the number of gauche conformers in the hydrocarbon chains, with lower wavenumbers observed at lower temperatures, where phospholipids are in the gel phase, and higher wavenumbers observed for lipids in a liquid crystalline phase at higher temperatures. 64, [77] [78] [79] 82 The band positions observed in Figure 6 show that the DMPE bilayer is in the gel phase. The average position over the potential range for the CH 2 symmetric stretch is 2851.5 cm −1 and there is a slight rise of ca. 0.5 cm −1 as the potential is made more positive. The antisymmetric stretching mode band changes less and averages at 2918.5 cm . The lower wavenumber for DMPE compared with DMPC means that DMPE molecules contain, on average, fewer gauche conformers than DMPC molecules. This is consistent with differences in reported spectra comparing DPPE (dipalmitoyl phosphatidylethanolamine) with DPPC (dipalmitoyl phosphatidylcholine): the band centers for these modes in DPPC are at lower wavenumber than those of DPPE. 77 As those lipids were heated through the gel−liquid crystal phase transition, a sharp change in band center was observed because molecules in the liquid crystalline phase have, on average, more gauche conformers than those in the gel phase. This transition occurs at higher temperatures for DPPE than for DPPC. 77 Similarly, the chain-melting transition temperature of DMPE (50 86] . Hence, the DMPE film would be expected to be in the gel phase at the temperatures used in this work, whereas DMPC is in the ripple phase.
11 −13,21,22 The full width half maxima (fwhm) observed for DMPE bilayers is less than those observed for DMPC bilayers, suggesting low mobility or a higher degree of ordering 76 and thus relatively tight packing. The peak positions do not change significantly as the charge on the Au surface is varied, in contrast to the case of DMPC and DOPC, where a change was observed as the bilayer lifted from the surface.
9−13
The fwhm increase slightly as the potential is made more positive, suggesting a small increase in mobility for the molecules that are directly adsorbed on the surface, in contrast with DMPC LB−LS layers, where mobility decreased slightly for adsorbed molecules. 13 The observations made for the band intensities can be quantified following the approach of Zamlynny and Lipkowski. 73 The absorbance is related to the angle made by the transition dipole and the surface normal by 73, 87 
where A is the absorbance, μ is the dipole moment, E is the electric field, and θ is the angle between the transition dipole and the surface normal. By comparing the integrated band intensity with that expected for randomly oriented molecules, it is possible to calculate the angle between the transition dipole and the surface normal using 73,88,89
Optical constants were used to calculate the spectra of randomly oriented molecules at the surface (shown as the dotted line in Figure 6 ). By comparing the experimentally obtained integral peak intensities with those of the theoretical spectra of randomly oriented molecules, using eq 6, it is possible to calculate the tilt angle of the transition dipoles of each of the methylene stretching modes with respect to the surface normal. From these, the tilt angle of the hydrocarbon chains can be calculated using eq 7. Figure 7 plots the tilt angles of the methylene stretching transition dipoles and the corresponding tilt angles of the hydrocarbon chains (with respect to the surface normal) as a function of applied potential. The cartoon indicates the directions of the transition dipoles relative to the hydrocarbon chain. It can be seen that the orientation of the chains changes little with applied potential. The value of the tilt angle for DMPE chains is smaller than that reported for DMPC LB−LS films: 12,13 17°compared with 20°−24°. The differences in the behavior of DMPE compared with DMPC can be rationalized by considering molecular geometry and packing arguments. The cross-sectional area of an all-trans hydrocarbon chain is 18.6 Å 2 , 91 so that of two all-trans hydrocarbon chains in a lipid can be taken to be ∼36−38 Å 2 . The cross-sectional area of DMPE headgroups is 38 Å 2 63 and that of DMPC headgroups is 50 Å 2 . 63 The DMPE headgroup is thus of similar size to the cross-sectional area of the chains, which results in an almost cylindrical shape. The DMPC films reported in Lipkowski's work were transferred onto the substrate with a molecular area of 45 Å 2 . 12, 13 To maximize dispersion interactions, the DMPC hydrocarbon chains are forced to tilt. In contrast, the comparable size of the DMPE headgroups and chains means that the hydrocarbon chains do not have to tilt significantly to maintain strong dispersion interactions between the chains. This results in a lower hydrocarbon chain tilt angle for DMPE molecules adsorbed onto the Au surface. It is interesting to note that the difference in chain tilt angle for adsorbed DMPC and DMPE bilayers on Au(111) is similar to that determined by Fringeli for DPPC and DPPE films on Ge substrates (the latter determined from the CH 2 wagging mode progression). 92 Information on chain tilt and packing arrangement of molecules can also be derived by examining the CH 2 bending mode, located at ∼1450 cm −1 . 9−11,13 Unfortunately, while just visible, this band was very weak and rather noisy in our spectra. For this reason, we decided not to analyze that region of the spectrum because the error in background subtraction and peak fitting would be too large. The peak positions of these modes are sensitive to chain length and ordering. 64, 79, 80, 82, 93, 94 The peak positions of the bands in our spectra are consistent with the CH 2 wagging modes reported by Snyder et al. for cold samples of DMPC and DMPE. 93 The modes arise as a result of coupling between wagging motions of neighboring methylene units, and the number and intensities of bands observed can indicate the degree of planarity of the hydrocarbon chains. Snyder et al. reported that the chains for these molecules were all-trans, with the exception of a gauche conformer adjacent to the ester group in the sn-2 chain. A series of wagging modes has not been reported for DMPC bilayers on Au(111), which suggests that the DMPE molecules form a much more ordered film with fewer gauche conformers in the chains than DMPC, under the conditions employed in these experiments.
Wagging modes broaden and decrease in intensity as the number of gauche conformers increases and eventually disappear around the chain-melting transition 79, 93, 94 (if there are more gauche conformers, the result is a series of smaller segments of planarity in a chain, reducing the number of bands). 93, 94 Spectra for the DMPC bilayers were recorded at temperatures relatively close to the main chain-melting transition, where the molecules were in the ripple phase. The main chain-melting transition of DMPE is much higher (49−50°C 76 compared with 24°C for DMPC), 64, 86 and the molecules are in the gel phase (this is corroborated by the CH 2 band positions and fwhm). This would explain the presence of the wagging mode progression in our spectra but not in spectra of DMPC acquired at similar temperatures. The lower tilt angle of the hydrocarbon chains may also contribute to a greater intensity because the direction of the transition dipole moment for this motion would be expected to be along the direction of the hydrocarbon chain.
Interestingly, the band at 1252 cm −1 has the highest intensity, which is not observed for the phospholipids studied by Snyder et al. nor in our measurements of DMPS bilayers produced by LB−LS deposition, in which the intensities of the wagging modes are similar. 95 Snyder et al. 94 investigated the relative intensities of the wagging modes by performing normal mode calculations on methyl esters of acyl chains. These calculations showed that the higher intensity modes were at the 1370 cm −1 end of the progression. They concluded that electronic coupling of the nearest CH 2 units with the CO vibration was responsible for the increase in intensity. In the case of our films, there is no alternative strong coupling of the wagging modes to explain the heightened intensity of the 1252 cm −1 peak, which suggests that this peak overlaps with the phosphate antisymmetric stretching mode, which is expected to be ∼1220−1260 cm −1 , 76,77,82,84,92,96−98 increasing its intensity relative to the rest of the peaks in the progression. The contribution of the phosphate modes was removed in ref 93 by subtracting a spectrum acquired at higher temperatures, where the wagging modes had vanished and the phosphate modes remained. In our experiments, the temperatures needed to achieve this would result in significant evaporation of water, which is a problem for the long time scales needed to record high-quality spectra. Therefore, we decided to record spectra using DMPE with fully deuterated hydrocarbon chains (DMPE-d) to determine the position of the phosphate antisymmetric stretching mode, since CD 2 vibrational modes will be positioned at lower wavenumber than the corresponding CH 2 modes. These spectra (vide infra) show that the phosphate antisymmetric stretching mode makes a contribution to the 1252 cm −1 band observed in Figure 8 , explaining the somewhat larger intensity of this peak.
Interfacial and Headgroup Regions. . 76 Narrow bands indicated a lack of mobility, and the lower wavenumber bands were ascribed to hydrogen bonded phosphate groups. A study of dioleoyl phosphatidylethanolamine (DOPE) as a function of relative humidity showed a sudden change for the symmetric vibrational mode from ∼1082 to 1076 cm −1 at a relative humidity of 50%, compared with a gradual decrease from 1093 to 1089 cm −1 for DPPC (dipalmitoyl phosphatidylcholine) as humidity was increased. 98 The sharpness of the change was considered to result from a phase transition between two states of different hydration; the band position is red-shifted when the phosphate group participates in hydrogen bonding. 98 Sen et al. studied the IR spectra of PE in various solvents and solvent mixtures and reported a decrease in wavenumber of the phosphate band centers in the presence of water. 97 The phosphate O−P−O antisymmetric stretching mode is thus located in the spectral region where the methylene wagging modes are observed (vide supra), which makes it difficult to analyze. For this reason, spectra were also acquired with bilayers formed from DMPE-d, and selected spectra are presented in Figure 9 , along with simulated spectra for 99 The high wavenumber observed in Figure 9 indicates that the DMPE headgroups do not participate extensively in hydrogen bonding with water; the headgroups are dehydrated. They are also relatively immobilized, since the fwhm of the peak, on average 8.7(±0.2) cm −1 , is lower than that observed for similar DMPC films (36−38 cm
−1
). 13 By contrast, the simulated spectrum of molecules in a hydrated environment displays a broad, red-shifted absorption, owing to extensive hydrogen bonding within the dispersion. ; their origin is not clear, although they may be associated with deformation modes of C−H groups in the headgroup.) The C−O−C vibrational mode of the carbonyl groups is expected at ∼1170−1180 cm −1 . 13, 92, 97 This vibration is not obvious in the spectra shown in Figure 9 , but a small bump is present at 1185 cm −1 (the spectra were rather noisy in this region). The band is expected to be weaker than observed for DMPC: the geometry of the molecule dictates that the plane of the carbonyl group should be closer to parallel to the surface for DMPE, since the hydrocarbon chains are more upright. The frequency observed is indicative of a planar geometry for the OCO group. 13, 92 Spectra in the phosphate symmetric stretching vibration region, at selected applied potentials, are presented in Figure  10a for bilayers formed from DMPE-d and in Figure 10b for bilayers formed from nondeuterated DMPE (DMPE-h). This comparison is made to ensure that conclusions about headgroup behavior drawn from spectra acquired for deuterated molecules are also applicable to nondeuterated molecules. In each case, the dashed line shows a calculated spectrum for a 5.7 nm thick film of randomly oriented molecules. The spectra in Figure 10a ,b are similar, each consisting of a pair of peaks at 1094.5(±0.2) and 1084.0(±0.4) cm −1 and a broader peak at 1116 cm −1 . The 1084 cm −1 band has a lower wavenumber tail. A deconvolution of one of the spectra in Figure 10a (that acquired at 0 V) is shown in Figure  10c . The bands at 1094.5 and 1084 cm −1 are likely to arise from the O−P−O symmetric stretching mode; the 1116 cm −1 band and the lower wavenumber tail (∼1075 cm −1 ) are consistent with vibrations involving the esterified oxygen atoms. 10, 11, 13, 103 The ν s bands are narrow, much narrower than reported for DMPC, for which a single, broad band overlapping with P− O[C] modes is observed. 11, 13 The corresponding band for dispersed DMPE is broader and not split. The narrow bands Tentatively, these could be assigned to two different regions within the bilayer or to the Au-facing layer and the water-facing layer, in which case the difference in peak size might indicate different orientations of the two headgroups of the two layers. (This might, in turn, explain the presence of the small dipole moment across the bilayer observed in the electrochemical data.) On the other hand, splitting of bands arising from phosphate stretching vibrations has also been ascribed to lowering of symmetry upon complexation of metal ions to PS. 101, 102 Potentially, the adsorption of the phosphate group onto the Au surface could also reduce symmetry and give rise to splitting. However, this was not observed for DMPC bilayers on Au and it is less likely that DMPE phosphate groups, which participate in stronger intermolecular interactions, would exhibit stronger adsorption on Au than DMPC. Directed hydrogen bonding interactions with adjacent amine groups might also cause splitting. However, a splitting of the v as band might also be expected if the two nonesterified oxygen atoms become inequivalent, 97 and this is not observed in our spectra.
The positions and fwhm of the phosphate group bands change little with applied potential, which is suggestive of little change in local environment for the headgroups when the bilayer passes through the phase transition observed at −0.4 V. If the phase transition involves water ingress, as was observed for DMPC-based films, 29, 30 the DMPE molecules seem to interact little with the water. The 1094 cm −1 band changes less with applied potential than the 1084 cm −1 band; if the two bands were to correspond to different leaflets of the bilayer, these observations could be interpreted as a change in conformation of the headgroups of one of the leaflets. A gradual increase in band intensity of both the symmetric and antisymmetric stretching mode bands is observed between approximately 0.2 V and −0.5 V. The intensity decreases at the extreme negative potentials, where the bilayer begins to desorb from the surface, reaching a similar intensity to that observed at the most positive potentials. Figure 11a is a plot of estimated tilt angle of the ν as and ν s modes as a function of potential (the total area of the ν s modes in each spectrum was used for the calculation). This plot should be regarded only as an estimate of tilt angle because the form of the bands is different for the simulated spectra and experimental spectra of bilayers, which means that the intensity of the band may be affected by the difference in hydrogen bonding between the dispersion of molecules and the adsorbed bilayers. Nevertheless, it is useful to plot the data in the form of tilt angle rather than as raw peak area for two reasons: (i) it facilitates comparison between data sets and estimate of error (it provides a normalization of peak area, as peak area alters with slight differences in spectroelectrochemical cell configuration between experiments), and (ii) it gives a better idea of the extent of change in tilt angle as the applied potential is varied. The bottom trace in Figure 11a shows the estimated tilt angle of the O−P−O direction, calculated from those of the two vibrational modes using eq 7, in an analogous fashion to calculation of the hydrocarbon chain tilt angle from the two mutually perpendicular modes. 10, 11, 13 It is interesting to note that the direction of the ν s transition dipole has slightly higher tilt for DMPE-h compared with DMPE-d, indicating that the phosphate group has slightly flatter orientation for DMPE-h. However, the trend in behavior is similar for the two molecules and the DMPE-d data can be used as a guide to the general behavior of DMPE. The ν s and ν as mode transition dipole moments of DMPE-d have similar orientation, as has been reported for DMPC LB−LS bilayers. 13 The tilt angle of the O−P−O direction is higher than for DMPC 13 but, given that the ν s mode for DMPE is similar to that of DMPC, it is likely that the tilt angle of the O−P−O direction in DMPE is similar to that of DMPC. Some insight into the changes in orientation of the molecules can be gained by plotting the O−P−O tilt angle as a function of charge density on the metal. Figure 11b shows that the change in absorbance occurs on changing from positive to negative charge densities. As the metal becomes negatively charged, an increase in absorbance is observed until ca. 10 μC cm −2 , which is the charge density at the onset of the phase transition observed in the chronocoulometry measurements. When the charge density exceeds ca. 30 μC cm −2 , where the bilayer finally desorbs, the absorbance decreases. Lipkowski remarked that a DMPC bilayer resting on an electrolyte cushion at negative applied potentials would experience an attenuated electric field. 29, 30 Hence, the field experienced by the lipids is small in both the applied potential regions 0.2−0.4 V and −0.9 to −1.0 V. This might result in a similar orientation of the headgroup dipoles in these potential regions, explaining their similar band intensities. Unfortunately, it is not possible to construct a complete model of the orientation of headgroups because the [−NH 3 ] + modes are hidden by strong signals from the electrolyte (note that use of [−ND 3 ] + would simply result in exchange of deuterium with the electrolyte). Nevertheless, it is still possible to note that the headgroups respond to the electric field, although the effect this has on the orientations of the other functional groups of the molecules is small. The tight packing of the hydrocarbon chains may restrict the reorientation of molecules under the influence of an applied field, but the headgroups, particularly in the water-facing layer, may have more flexibility. Figure 12 presents spectra in the CO stretching region for DMPE bilayers at selected applied potentials. The phospholipid CO stretching band is sensitive to the environment of the interfacial region of the molecule, with a peak position at higher wavenumber indicating very little hydrogen bonding and at lower wavenumber indicating significant hydrogen bonding. 76, 82, 96, 104, 105 Often, a band is observed composed of two or three components, the relative intensities of which can give an indication of the extent of hydrogen bonding. Hence, the shape and position of this band can provide information about the hydration of this functional group. [9] [10] [11] [12] [13] 15, 76, 82 DMPE has been reported to exhibit bands composed of up to three components, depending on its form: a single band centered at ∼1740 cm −1 was observed for a dried sample and three bands at ∼1740, 1730, and 1720 cm −1 for a sample exhibiting less order. 76 It was suggested that the 1740 cm
band corresponded to non-hydrogen-bonded carbonyl groups, the 1730 cm −1 band corresponded to carbonyl groups hydrogen bonded with water molecules, and the 1720 cm band was tentatively assigned to hydrogen bonding between the sn-2 carbonyl groups and the amine groups of neighboring molecules. Hydrated samples tended to exhibit two bands in the gel phase. DPPE has also been reported to have a lowfrequency shoulder on the lower wavenumber band, which was attributed to interaction between water and the carbonyl group. 96 The spectra in Figure 12 show an asymmetric band, which may be composed of two or three. . If the band is fitted to three components (averaging at 1744, 1733, and 1722 cm −1 ), the quality of the fits is slightly improved. The percentage of the integrated area corresponding to the 1744 cm −1 band, plotted in Figure 13 at various applied potentials, is about 70−75%. This proportion would be indicative of an environment with little hydrogen bonding, where the DMPE molecules are predominantly in a dehydrated state. The shape of the band changes little with applied potential, although a slightly increased low wavenumber tail can be discerned at the more negative potentials (larger charge densities). Figure 13 also shows a small general trend toward lower contribution to the band from the 1744 cm −1 component at negative potentials. These observations suggest a small increase in hydration of DMPE molecules in this phase compared with positive of the phase transition (low charge densities) observed in the electrochemical data. The lack of hydration of the carbonyl groups observed from our spectra provides an explanation of the low capacity obtained with electrochemical measurements: a low solvent content in the bilayer is consistent with a low value of capacity.
The intensity of a given component of the CO band could be affected by a change in hydration of the DMPE molecules or by a change in average orientation of the carbonyl groups (the sn-1 and sn-2 carbonyl groups may have different orientations). Therefore, it is only possible to estimate a change in average tilt angle of the carbonyl groups. Figure 13 also plots this estimated tilt angle as a function of potential. The tilt angle changes very little with applied potential, in contrast to DMPC. 13 A small increase in tilt angle is observed at the most negative potentials, similarly to DMPC, but in the case of DMPE the change is ca. 1°, within the error margin. The average angle, at about 82.5°, indicates a CO group lying almost parallel to the metal surface, which is consistent with a small tilt angle of hydrocarbon chains.
Drawing together the information from different spectral regions, a model for the structure of the DMPE bilayer can be proposed to explain its electrochemical properties. Figure 14 is a cartoon comparing a DMPE film on Au(111) with a DMPC film (the latter adapted from figures in refs 13, 29, and 30). The cartoon shows schematically that the DMPE films contain less solvent than DMPC films and also offers a model for the packing of molecules that gives rise to a smaller tilt of the hydrocarbon chain from the surface normal. The outer Helmholtz plane is pushed away from the surface; this fact, combined with the lower solvent content, explains the lower capacity observed for DMPE films. The relatively tighter packing of the DMPE molecules also explains the smaller changes in molecular orientation observed as the applied electric field is strengthened. 
■ CONCLUSIONS
The influence of the phospholipid molecular structure on its packing and ensemble properties is striking. By reducing the size of the headgroup such that its area is closer to that occupied by the hydrocarbon chains, it is possible to create bilayer films that have significantly enhanced electrical barrier properties. This finding can be explained by investigating the film structure and molecular organization in detail with in situ PM-IRRAS measurements. The smaller headgroup allows closer packing of molecules, with most of the molecules' chains in an all-trans conformation and oriented with the chain backbone closer to the surface normal. The tighter packing decreases film permeability to water (evident in the lack of hydrogen bonding in the glycerol part of the molecule) and the smaller tilt of the chains increases slightly bilayer thickness. These effects combine to decrease the capacitance of the bilayer. The DMPE film undergoes a phase transition similar to that previously observed for DMPC, but the PM-IRRA spectra indicate remarkably few changes in ensemble structure. Apparently, there is little difference in film organization and structure in each phase. This observation has implications for the choice of phospholipid in lipid films used as biological membrane mimics or as a matrix for sensing molecules. The fluidity of DMPE films is rather low, which may make them less suitable as mimics of biological membranes when used alone. On the other hand, the reduced permeability to water and the stability in ensemble structure over a wide range of applied electric field may be considerable advantages for creating a base film for the incorporation of other molecules to create solidsupported sensors.
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